A three-dimensional topography simulation of deep reactive ion etching (DRIE) is developed based on the narrow band level set method for surface evolution and Monte Carlo method for flux distribution. The advanced level set method is implemented to simulate the time-related movements of etched surface. In the meanwhile, accelerated by ray tracing algorithm, the Monte Carlo method incorporates all dominant physical and chemical mechanisms such as ion-enhanced etching, ballistic transport, ion scattering, and sidewall passivation. The modified models of charged particles and neutral particles are epitomized to determine the contributions of etching rate. The effects such as scalloping effect and lag effect are investigated in simulations and experiments. Besides, the quantitative analyses are conducted to measure the simulation error. Finally, this simulator will be served as an accurate prediction tool for some MEMS fabrications.
Introduction
For the fabrication of high aspect ratio MEMS structures, chemical etching, and plasma sputtering are not chosen due to the isotropic characterization and bad selectivity. As the only recognized production deep reactive ion etching (DRIE) process, the Bosch process is introduced to enable a high aspect ratio by plasma etching and passivation alternation in multiple cycles [1, 2] . The etchants like SF 6 and NF 3 generate the free radicals of fluorine which will react with the silicon substrate. Then, a thin layer of fluorocarbon polymer is deposited to protect the lateral sidewalls.
On account of the complicated behaviors of particles such as sticking, scattering, diffusion, recombination, and redeposition in DRIE process, a synthetic and topographical model is adopted to sketch the complex mechanism. For example, the simulation surface profiles are described by narrow band level set method [3, 4] . The Monte Carlo method depicts the physical mechanism such as sticking and re-emission. The simulation domain contains 300 × 300 × 300 grids. The balance between runtime and accuracy is fully considered.
Since DRIE is the key procedure to fabricate the structures with high aspect ratio, several simulators have already been developed. A two-dimensional simulator was developed by Zhou et al. using string-cell hybrid method to track the evolving surface [5] . However, the extension to 3-D is difficult. Later Li et al. presented a simplified geometric model which used visible angles to calculate the flux [6] . This simulator is fast, but not so accurate. Based on Li's framework, the advanced simulator which adds a Monte Carlo particle simulation has three advantages. On the one hand, the simulation results are not identical compared with the geometric level set model, which corresponds to the subtleties in the manufacture. On the other hand, the selective etching ratio, such as the substrate-mask etching ratio, can be simulated by extracting the parameters in different materials. Finally, it can also simulate the Silicon-on-Insulator (SOI) DRIE process, which can be applied to fabricate the comb actuators, accelerometer, and piezoelectric structures. Table 1 shows the characteristics of different simulators. 
Models of Three-Dimensional DRIE Process

Theoretical Model of DRIE Process
As mentioned above, DRIE process is composed of multiple cycles of etching/passivation process. The basic principles of DRIE are shown in the Figure 1 . In the radio frequency (RF) glow discharge, sulfur hexafluoride (SF 6 ) is dissociated and ionized into massive species. The dominant neutral particles (SF 6 , SF 4 , F 2 , F), positive ions (SF + 5 , SF + 3 ) and negative ions (F − ) are determined in the previous work [7, 8] . While in our simulator, there are neutral and ionized type of particles with different angular and velocity distribution. The differences of particles in the same type are neglected because it is unclear to obtain the contribution of etching rate.
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where the neutral and ionic reactants are introduced in source plane P. The angle distribution is distinguished by parameter α in Equation (1) . In terms of ions, α is about 100, which presents the Gaussian-like distribution. The neutral particles correspond to cosine-like distribution since α = 1 [11] . Additional, here Γ source is total fluxes of ions and neutrals, t denotes incident direction and n p is the vertical vector pointing to surface S, f (E) is the distribution function of energy. After generating plenty of particles in the random model, the coordinates and directional vectors are stored in the memory. All of these particles should be traced until they interact with surface S. The Monte Carlo probabilistic approach is used to describing the trajectory of all particles, which generates a relatively large sample to predict the system. Due to the low pressure in the system, the mean free path will be larger than the feature dimension of system. The collision between two particles can be neglected. In addition, the surface charging effect is also negligible. Thus, the flux function on the surface S is connected with the flux in the plane P by Equation (2):
where vector t, n(x) are incident direction and normal vector of the surface. |x − x | 2 is the distance. Considering the re-emission, the surface flux includes the flux from source plane P and reflective flux with sticking factor η. The velocity function Equation (3) on the surface is derived by the surface flux and yield function Y:
Simulation Methods
Narrow Band Level Set Method
Firstly, in order to describe the shapes of fronts in each time step, multiple profile evolution algorithms are developed. In etching and deposition process, string algorithm, cell-based method, and the level set method are used frequently [12, 13] . Multiples advantages and disadvantages are weighed in the publications before. In this paper, the level set techniques and its advanced version inspired by Sethian will be applied to this simulator [14, 15] . Level set method can provide gradients of local surface, signed distance function and Courant-Friedrichs-Lewy (CFL) condition which avoids the instability. Moreover, level set technique facilitates the topographical changes with less memory and computation.
Considering a moving hypersurface Γ(t), embedded in a one-dimensional higher time dependent level set function ϕ(x, t). And the boundaries are always determined as the zero level set ϕ(x, t = 0) in Equation (4) shown in the Figure 4 :
The evolving level set function Equation (5) is deduced by chain rules with the initial signed distance function Equation (6):
We can solve Equation (6) of each grid nodes by differential scheme Equation (7) with "entropy-satisfying" approximation to the gradient Equation (8) . The zero level set surface can be extracted within ϕ < 0.5:
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Monte Carlo Method Accelerated by Ray Tracing
From Equations (6) and (8), the velocity F ijk should be determined. Sethian et al. utilize the velocity function to simulate the isotropic and anisotropic etching (deposition) such as F(θ) = 1, F(θ) = cos θ or F(θ) = cos 10 θ· sin θ [17] . Additionally, Li et al. find the local flux by geometric visibility. However, in this simulator, the physical particle transport and surface kinetics are involved to calculate the local flux. Based on the local flux function Equation (3) and velocity integral Equation (4), the direct solution is to discretize the surface integral, which leads to a dense system matrix.
Hence, a ray tracing algorithm is applied to realize the realistic picture for one particle [18] [19] [20] . Additionally, the Monte Carlo statistical method allows millions of rays to represent the behaviors of up to 10 18 particles in the real situation. Therefore, the second phase is simplified by a ray tracing technique, like rendering in in three dimensions. Millions of particles per second are computed analogously to determine the contributions of velocities in each grid when these particles hit the surface. To enable the calculation of local flux, the first intersections between rays and narrow band surface are found. Since the source plane P and level set surface are meshed into grids, it is difficult to detect the intersections between rays and grids. The bounding box is then presented. As sphere is the most popular and least complicated primitive bounding volume, the level set surface is approximated with multiple spherical surface in this simulator. As we know, the information of active grids like level set function ϕ, coordinates and material matrix are stored in computer memory. The real surface is described by these active grids. Thus, the average distances between the grids and the real surface should be the radius of sphere. The radius is set as the half grid length r = 0.5 accordingly. The local flux is mapped to intersection impacts on millions of particles.
With the spheres bounding the active points, the first intersections are determined in Figure 6 . The basic steps of ray tracing algorithm are presented [20] :
•
Step 1: Calculate the distance d1 between origin x and center x.
Step 2: Calculate the closest distance d2 between ray and center x.
Step 3: Find square of half chord intersection distance d3.
Step 4: Test if square is negative (no intersection).
Step 5: Compare the distance d1 and choose the minimum (first intersection).
Step 6: Find the normal vector.
Step 7: Calculate the reflective direction.
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•
Step 1: Calculate the distance d1 between origin x′ and center x.
Step 7: Calculate the reflective direction. The bridge between the level set method and the Monte Carlo method is the local velocity calculation. As the Monte Carlo method is utilized, the integral Equation (4) is discretized automatically. In order to save the calculation time without losing accuracy, the etching part is decomposed to isotropic rate mainly caused by neutral particles and anisotropic rate assisted by ion The bridge between the level set method and the Monte Carlo method is the local velocity calculation. As the Monte Carlo method is utilized, the integral Equation (4) is discretized automatically. In order to save the calculation time without losing accuracy, the etching part is decomposed to isotropic rate mainly caused by neutral particles and anisotropic rate assisted by ion particles. The etching rate is depicted as a linear combination of neutral and ion flux. Therein the parameters C uni and C ion in Equation (9) are dependent on different materials exposed in the etching gas. However, the etching rate Equation (9) is invalid when there are only ions or neutrals. The next passivation rate can be simplified as a constant C d . Thus, the rates of etching and deposition in DRIE process can be denoted as ER and DR in Equations (9) and (10):
The ER and DR are solved by Equations (9) and (10) and substituted in a differential scheme Equation (7). Thus, the coupling LS-MC method of DRIE is completed.
Simulation and Experimental Results
The flowchart which couples LS-MC are demonstrated in the Figure 7 . The time step is not a constant restrained by CFL condition Equation (11) . In other words, the time steps are dependent on the maximum velocity in all active grids. And in each step, the maximum velocity is varied owing to the randomicity of Monte Carlo:
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Qualitative Analysis
A simulation of Bosch process etching a 5 µm wide trench has been conducted. The alternating cycle of etching and passivation is 7s/7s. Figure 8a shows the deep vertical holes in SEM photography while Figure 8b illustrates the simulation results. The scalloping effects are clearly seen in the simulation Figure 8b . In practice, to reduce the roughness (nearly 100 nm), the sample is processed in the potassium hydroxide (KOH) and isopropyl alcohol (IPA) by chemical wet polishing etching. Thus, the sidewall of SEM diagram is relatively smooth. In the simulation domain 300 × 300 × 300 grids, each grid represents 0.1 µm. The thickness of the mask is 0.5 µm. Finally, the typical CPU runtime of 20 cycles is nearly 20 h on Intel (R) E5-2630 @2.2GHz (Gentai, Shanghai, China) and the usage of memory is about 560 MB. Since the material and level set values for each grid should be stored.
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Qualitative Analysis
A simulation of Bosch process etching a 5 μm wide trench has been conducted. The alternating cycle of etching and passivation is 7s/7s. Figure 8a shows the deep vertical holes in SEM photography while Figure 8b illustrates the simulation results. The scalloping effects are clearly seen in the simulation Figure 8b . In practice, to reduce the roughness (nearly 100 nm), the sample is processed in the potassium hydroxide (KOH) and isopropyl alcohol (IPA) by chemical wet polishing etching. Thus, the sidewall of SEM diagram is relatively smooth. In the simulation domain 300 × 300 × 300 grids, each grid represents 0.1 μm. The thickness of the mask is 0.5 μm. Finally, the typical CPU runtime of 20 cycles is nearly 20 h on Intel (R) E5-2630 @2.2GHz (Gentai, Shanghai, China) and the usage of memory is about 560 MB. Since the material and level set values for each grid should be stored. Furthermore, the loading effect should be considered in this simulator [22] . Usually the aspect ratio dependent etching or RIE lag influence the depth of the trench due to its own sizes exposed to the plasma. To put it another way, the larger holes will have deeper length in the same ambience. Figure 9 illustrates the SEM photography and simulation profiles simultaneously. The simulation domain is still resolved on the 300 × 300 × 300 grids. Compared with the SEM picture of two trenches (2.5 μm and 5 μm), the lag effect is clearly seen. And the etching rate decreases with the increment of aspect ratio. Since there is no charge accumulation at the side bottom in simulation model, we can see the different bottom profiles compared to the experiments. 
Quantitative Analysis
After extracting the parameters from the fabrication, the number of particles of each grid is 80, so the total number of particles in source plane P is 0.8 million per second in the same domain (300 × 300 × 300) for Monte Carlo method. Figure 10 shows that the mask of replicated domain is chosen to reduce the calculation without simulating the whole die. Table 2 shows the experimental and simulation parameters and the errors are computed.
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Conclusions
This paper presents a coupling LS-MC model for the DRIE process. The agreement between the simulation results and experimental profiles verifies the correctness of the coupling algorithm. Within the proper simulation domain, the error is less than 15%. At the expense of accuracy, the computation complexity will dramatically drop by reducing the grids. Thus, Monte Carlo method is extremely useful to detect the variations of physical parameters. The developed simulator can serve as an accurate prediction tool for some MEMS fabrications.
